Abstract The small marsupial Antechinus stuartii experiences a synchronised life cycle that culminates in complete male mortality (within 3 weeks)
Introduction
Antechinus stuartii is a small carnivorous marsupial with a highly synchronised reproductive life history. All exhibit the same reproductive development at the same time of year and this culminates in a brief mating period followed by complete male mortality (Woolley 1966) . In the population under study mating occurred in midAugust with the males dying 2±3 weeks later. The male mortality in this genus is believed to be the result of a failure of the glucocorticoid feedback mechanism, resulting in increased cortisol levels, negative nitrogen balance, a drop in plasma glucose levels, and immunosuppression (Woollard 1971; Barker et al. 1978; Bradley et al. 1980; McDonald et al. 1981 McDonald et al. , 1986 . These pronounced physiological changes in male A. stuartii may aect the renal system, which must continue to excrete nitrogenous waste eciently and conserve water during the unusual reproductive life history of A. stuartii.
Glomerular ®ltration of the plasma is an essential component of the renal regulation of body¯uid composition in all vertebrates. Glomerular ®ltration rate (GFR) is a measure of renal function and may be used to determine changes in kidney function in mammals. Many diverse conditions aect GFR, including aging (Corman et al. 1985) , water deprivation (Denny and Dawson 1977; Etzion and Yagil 1986) , low or high protein diets (Ladd et al. 1951; Bakker and Bradshaw 1983; Avestrand and BergstroÈ m 1989) , glucocorticoid action (Baylis and Brenner 1978) and an individual's sex (Remuzzi et al. 1988) . Because of the dramatic endocrine and life history changes in A. stuartii this study investigated alterations in renal function that may be associated with male mortality. Therefore GFR, urine potassium, sodium, urea, chloride, urine osmolality, haematocrit, and plas-ma potassium, sodium and chloride and plasma osmolality were measured to establish seasonal and sex dierences in renal function in A. stuartii.
However, determination of GFR in small mammals is dicult. There are few studies that have focused on renal function in small (<100 g) mammals. Most studies are content to describe urine osmolalities and electrolyte and urea concentrations. The present study sought to explore more than just these parameters. When measuring GFR, inulin clearance is frequently used on larger mammals (Schuster and Seldin 1992; Harlow and Braun 1995) . This requires anaesthesia, vein cannulation, and bladder cannulation [either via the urethra (Schuster and Seldin 1992) or via a suprapubic incision through the abdominal body wall (Harlow and Braun 1995)] . A less complicated and less invasive method for estimating GFR in small mammals is the single injection method. Many published accounts of GFR measurement include both components of the exponential decay curve (Hall et al. 1977; Schuster and Seldin 1992) . However, the measurement of the fast component of the curve involves venipuncture at 1, 5, 10, 15 and 20 min before bleeding every 20 min. In small mammals there is a limit to the number of blood collections that can be made, estimating the fast component of the curve jeopardises the completion of the GFR measurement by the lack of venipuncture sites to estimate the slow component of the decay curve (at 40, 60, 80, 100 and 120 min).
Because of the limitations of venipuncture in a small mammal, the single injection method, using the slow component of the exponential decay curve, was used. However, the exact limitations of this method are unclear. Schuster and Seldin (1992) have summarised the recent available information on methods for renal clearance and indicated that, using the second compartment method only, there has been found to be good agreement with inulin clearance methods in many studies, but closer values may be found with the twocompartment method. It is apparently more problematic to measure GFR using either the one-or two-compartment method when there is extracellular volume expansion (Schuster and Seldin 1992) . Thus this study also sought to determine whether the single injection method is a suitable method of measuring GFR in small mammals, by using both A. stuartii and Mus musculus.
Materials and methods

Animals
Male and female A. stuartii were trapped over 2 years from the New England Tablelands, New South Wales, Australia, in February (males n = 5, females n = 3), May (males n = 7, females n = 4), July (males n = 6, females n = 5) and August (males n = 11, females n = 5). In February all individuals were juveniles (body mass males 28.7 2.1 g, females 24.5 1.6 g). In May, although of adult body mass, they were sexually immature (body mass males 37.7 2.6 g, females 21.4 2.6 g). In July they were sexually mature, although not breeding (body mass males 37.8 2.1 g, females 21.3 0.7 g). Animals were assessed twice in August, once prior to mating (body mass males 39.9 2.2 g, females 22.7 1.8 g), and then following mating activity in the laboratory (body mass males 39.3 2.1 g, females 23.0 1.2 g). Similar seasonal changes in male body mass have been reported in other studies (Woolley 1966; Bradley et al. 1980 ). Low female numbers of A. stuartii were due to a 2:1 male:female trapping ratio at the trapping site over the period of collection.
M. musculus (males n = 5, body mass 35.1 0.4 g, females n = 7, body mass 34.4 0.9 g) were studied to provide a comparison with a similar-sized placental mammal that does not undergo the major seasonal endocrine changes occurring in A. stuartii. M. musculus values were compared with GFRs determined by other methods to validate the method of GFR measurement. M. musculus values were measured at a time independent of the seasonal measurements of A. stuartii.
A. stuartii were caged individually and provided with nest boxes with nesting material. They were given water ad libitum and fed at least 20 g of a commercial wet cat food just prior to dusk each day. The food was a mixture of beef, chicken, mutton, rabbit meat, gel, avour, food colouring, minerals and vitamins and contained (on a wet-matter basis) 9.0% crude protein, 6.0% crude fat, 0.4% naturally occurring salt, and 1.0% crude ®bre. M. musculus were housed in same-sex pairs and given nesting material. Water and commercial mouse chow were available ad libitum.
GFR determination
Animals were weighed and GFR was measured using the single injection method (Stacey and Thorburn 1966; Hall et al. 1977) . A pre-injection blood sample was taken and then 1 MBq of 51 Cr-EDTA was injected intraperitoneally. Subsequent blood samples were obtained at 20, 40, 60, 80, 100 and 120 min after the injection. Blood samples prior to 20 min were not taken as repeated venipuncture of these small mammals can be dicult, and it was thought better to estimate the slow exponential component of the two-component equation usually derived from the semilog transformation of the disappearance of radioactivity from the plasma. Approximately 5 ll of whole blood was taken from the lateral tail vein or outer leg vein. Haematocrits were measured, a known volume of whole blood was suspended in 0.5 ml of sterile distilled water and radioactivity was counted with a Wallac 1470 Wizard automatic c-counter to less than 1% error. Counts per minute (CPM) were then adjusted for the dierent sample volumes and CPM á ml A1 of plasma calculated. The natural logarithms of CPM á ml A1 were regressed against time of collection. GFR was calculated from the equation:
Total quantity of marker injected Antilogarithm of the Y-intercept Â slope of the regression line and then adjusted for body mass to give GFR (ml á min A1 á kg
A1
).
Validation of the single injection method
In the present study GFRs were performed on M. musculus as well as A. stuartii using the single injection method. Calculated GFR values (ml á h A1 ) were compared to the allometric equation of Yokota et al. (1985) . GFR values (ml á h A1 ) for M. musculus and for A. stuartii for February and May and female values for July and postmating August of the seasonal study were found to lie within 95% con®dence limits of the equation:
where M is body mass in grams (Yokota et al. 1985) . GFR (ml á h A1 ) values for female A. stuartii in pre-mating August and for male A. stuartii in July and in both August sampling times were outside the 95% con®dence limits.
Moreover, Bayly (1994) found that estimates of GFR for M. musculus, measurements obtained using the one-compartment single injection method did not dier signi®cantly from measurements using Alzet Osmotic minipumps (model 2001) ®lled with 10 MBq of 51 Cr-EDTA. Thus the one-compartment single injection method for estimating GFR in small mammals does appear to be robust.
An example of the method is illustrated in Fig. 1 . Values are plotted using a semilog scale and then the GFR is calculated using the slope and the y-intercept of the regression equation. The range of r 2 for the regression equations for all animals was 0.703±0.999 (mean SE = 0.909 0.014).
Haematocrit
Haematocrits were determined from samples collected by venipuncture obtained from every animal when GFR experiments were performed.
Urine collections
Urine samples were collected directly from the urogenital sinus when the animals were picked up for venipuncture and other handling procedures. Some animals had urine collected in a specially manufactured escape-proof metabolic chamber placed over liquid paran. Animals were left overnight for a known time (between 14 and 15.2 h) without food or water in these chambers. Urine was frozen after retrieval, and urine contaminated with faeces was not used for electrolyte analysis.
Plasma samples
Animals were killed by an overdose of``Nembutal'' pentobarbitone sodium (60 mg per ml, Boehringer Ingelheim), based on the rate for anaesthesia for dogs (2.3 ml per 5 kg) and quickly decapitated and trunk blood was drained into heparinised tubes. Blood was centrifuged at 4°C and plasma was stored at A80°C until use.
Plasma and urine electrolytes
Plasma and urine potassium and sodium were analysed using a Corning 405¯ame photometer with an internal lithium standard.
Chloride was measured using a Radiometer CMT10 chloride titrator. Urea was determined using the enzymatic UV test/GIDH method in a Cobas Bio Centrifugal analyser (Homan La Roche). Urine osmolality was measured using a Wescor 5500 vapour pressure osmometer.
The concentrations of the urine electrolytes were multiplied by the urine volume to give the total excreted in micromoles. Values in the seasonal study were calculated from samples collected over known time periods, such as the GFR studies, and from overnight collections. However, not all animals from the seasonal study had urine collected overnight. This applies mostly to data collected early in the study prior to the manufacture of the overnight chambers. Thus the total electrolyte data for the seasonal study are divided by the period of time (in hours) to give total excreted per hour. Because preliminary analysis comparing the methods of collection (GFR or overnight) found that there was no signi®cant dierence between the methods of collection for the total excreted per hour in each group (P > 0.1) the data have been combined in Table 3 . Moreover, urine electrolyte and urea measurements were not always possible for each individual owing to small urine volumes. Urine parameters were measured in the order sodium, potassium, chloride, osmolality and urea. Thus, urea measurements, and occasionally osmolality measurements, were not available for all individuals.
Statistical methods
Two-way analyses of variance were used, followed by a Fisher percentage least signi®cant dierence (PLSD) test (Zar 1984) . Percentage values were arcsine transformed prior to analysis (Zar 1984) . Where the assumption of equal variances was not met, data were log transformed to give equal variances and then analysed (Zar 1984) . However means SE of untransformed data are presented in the results.
Results
Glomerular ®ltration rate
GFR of A. stuartii diered signi®cantly across the year (sex P < 0.02, season P < 0.025, interaction P < 0.05; Fig. 2 ). The GFRs of males from July and August were signi®cantly lower than those from February and May. The GFRs of males were signi®cantly lower than values for females in July and post-breeding August. The GFRs of M. musculus did not dier from the GFR values for A. stuartii in February and May, but were signi®cantly higher than those found for male A. stuartii in July, August pre-breeding and August post-breeding.
Haematocrit
Haematocrit diered between sexes (P < 0.02, Table 1 ) and across seasons (P < 0.001, Table 1 ). Males had higher haematocrits than females. Haematocrits from pre-breeding and post-breeding August animals were signi®cantly higher than those in February and May (Fisher's PLSD P < 0.02; Table 1 ). Haematocrits from both sexes in July were signi®cantly lower than those from post-breeding August (Fisher's PLSD P < 0.02; Table 1 ) and higher than those in February (Fisher's PLSD P < 0.06; Table 1 ). In M. musculus the haematocrit did not dier between sexes (Table 1) . Fig. 1 An example of a plot of the single injection method. The slow component of the decay curve is plotted using a semilog scale and then the glomerular ®ltration rate is calculated using the slope and the y-intercept of the regression equation
Plasma analyses
Plasma potassium levels in A. stuartii diered signi®-cantly between seasons (P < 0.02) and were signi®-cantly lower in July and August (Table 1) . M. musculus plasma potassium levels were not signi®cantly dierent from those obtained from A. stuartii in February and May, but were signi®cantly higher than those from A. stuartii in July and August (Fisher's PLSD test P < 0.05).
Plasma sodium levels were signi®cantly higher in males than in females and diered between seasons (sex P < 0.005, season P < 0.0005; Table 1 ). Animals from July and August had signi®cantly higher plasma concentrations than those from February and May (Table 1) . Plasma sodium concentrations from M. musculus did not dier from those of A. stuartii from July and August but were signi®cantly higher than plasma sodium levels in February and May (Fisher's PLSD test P < 0.05; Table 1 ).
Plasma chloride diered signi®cantly between sexes and seasons (sex P < 0.01, season P < 0.02; Table 1 ). Male A. stuartii had signi®cantly higher plasma chloride concentrations than females (Fisher's PLSD test P < 0.01), and animals from July and August had Two-way ANOVA results
Sex P < 0.02 Season P < 0.001 Interaction NS Sex NS Season P < 0.02 Interaction NS Sex P < 0.005 Season P < 0.0005 Interaction NS Sex P < 0.01 Season P < 0.02 Interaction NS Sex P < 0.13 Season P < 0.05 Interaction NS signi®cantly higher concentrations than those from May (Table 1) . Animals from August had signi®cantly higher plasma concentrations than those from February (Fisher's PLSD test P < 0.05), and those from July tended to be higher than those from February (Fisher's PLSD test P < 0.09). Plasma chloride concentrations from M. musculus did not dier from those of A. stuartii from July and August but were signi®cantly higher than plasma chloride levels in February and May (Fisher's PLSD test P < 0.05; Table 1 ). Plasma osmolality diered signi®cantly across seasons (P < 0.05; Table 1 ). The plasma osmolality of animals in February was signi®cantly higher than for animals from May and August (Fisher's PLSD test P < 0.025). The plasma osmolalities of M. musculus did not dier from A. stuartii (Table 1) .
Urine analyses
The concentration of urea was signi®cantly higher in female than in male A. stuartii (sex P < 0.05; Table 2 ). There were signi®cant seasonal dierences in urine osmolality in A. stuartii (season P < 0.05; Table 2 ). Osmolality was signi®cantly higher in urine from A. stuartii in July and August (P < 0.05; Table 2 ). The total osmolar concentration from urea and urinary electrolytes is sometimes higher than the urine osmolality measured because there are fewer urea measurements in some groups. Urine potassium, sodium and chloride in A. stuartii did not dier between sex or season (Table 2) . Urine potassium concentrations were signi®cantly higher in M. musculus than in A. stuartii (Fisher's PLSD test P < 0.05; Table 2), however urine sodium and chloride concentrations were similar in the two species. In A. stuartii the total sodium, potassium and chloride excreted per hour did not dier signi®-cantly between the sexes or seasons. Adjusting the total electrolytes excreted for body mass did not alter the result. One female from July did not urinate when housed in a urine-collecting chamber overnight. The zero values are not included in the analyses of total electrolytes. Excretory rates of urinary electrolytes are given in Table 3 .
Discussion
Our study demonstrates that renal function in A. stuartii changes with season, with some aspects also diering between sexes. For example, the GFRs of A. stuartii diered between sexes and across seasons. With the exception of the mating period, GFRs of females remained unchanged throughout the year and those of males were similar to females in February and May. However, the GFRs of males in July and August were half those from other times of the year. The GFR values for M. musculus in the present study were similar to those found by Stewart (1971) , who used inulin clearance to determine GFR, and Bayly (1994) using Alzet osmotic minipumps to determine GFR. This ®nding, combined with that of the present study, validated the use of the single-injection slope intercept method for measurement of GFR in small mammals. The urine and plasma electrolyte values for M. musculus were also within the ranges found in other studies (Haines et al. 1973) . The GFRs of M. musculus and those of A. stuartii in the non-reproductive period are similar to the values reported for other small mammals (Weisser et al. 1970; Edwards et al. 1983) .
To the best of our knowledge this is the ®rst time that GFR has been shown to change seasonally. Fluctuations in GFR are usually attributed to water deprivation (Bakker and Bradshaw 1983; Etzion and Yagil 1986) . Labile GFRs have been observed in desert mammals that reduce GFR in response to low water availability and the low GFRs are reversed by hydration (Denny and Dawson 1977; Bakker and Bradshaw 1983; Etzion and Yagil 1986) . Diet can also aect GFR, with high protein diets raising GFR and urea excretion (Ladd et al. 1951; Alvestrand and BergstroÈ m 1989) , and low protein diets reducing GFR and urea excretion (Bakker and Bradshaw 1983) . However, A. stuartii lives in a mesic environment with a predictable insectivorous diet (Dickman 1986 ). Water availability was not considered to be a problem for wild A. stuartii (Nagy et al. 1978) , and drinking was rarely observed in hydrated captive animals (Blair-West et al. 1983 ). The stable food and water availability in the wild throughout the period of time during which GFR was observed to fall further excludes an eect of diet on GFR in A. stuartii. This was also true in the laboratory, where all animals were observed to eat and drink at all times of year. The contrast between the present study and that of BlairWest et al. (1983) may be because our observations of animals drinking were made at dusk when A. stuartii normally became active. The behavioural observations in the present study indicate that factors other than water deprivation may be aecting GFR. The reduction in GFR, noted in males in July and through August, and in females in August prior to breeding, suggests that seasonal changes in the hormone pro®les exhibited in these mammals may be important in explaining the reduction in GFR. Moreover, the study was performed over 2 years and the same reduction in the GFRs of males from July and August was found in both years. The changes in GFR also correlate with the pronounced changes in renal structure that have been found in male A. stuartii in July and August (McAllan et al. 1996) .
In male A. stuartii the peak plasma concentrations of testosterone occur from late June until death (28.4 nmol á l A1 ; Bradley et al. 1980) , and are 8 times the testosterone levels from early June. High plasma cortisol levels occur in males in July and August and a small but non-signi®cant rise occurs during the breeding period in females (Bradley et al. 1980) . In males the total plasma concentrations of cortisol are 96.6 nmol á l A1 in March, rising to 165.5 nmol á l A1 in August (Bradley et al. 1980 ). Plasma oestrogen and progesterone levels in females have not been measured throughout the year, although the plasma progesterone levels in females rise during pregnancy (Hinds and Selwood 1990) . The known hormone changes in the males are coincident with the changes in GFR.
The coincidence of changes in GFR with hormone pro®les found in other studies may be a result of either a direct action of cortisol or testosterone on kidney structure and function, or as a response to glucocorticoid actions on other physiological systems which result in renal compensation. Studies on other small mammals have found that renal structure can be modi®ed by hormonal changes. These include proximal tubule hypertrophy owing to the actions of testosterone (Scheibler and Danner 1978; Oudar et al. 1991 ) and glomerular and tubular damage owing to adrenocortical activity (Christian et al. 1965; von Holst 1972) . In other mammals, testosterone administration can induce renal absorption of sodium and water and cause GFR to decrease, increase, or remain unchanged, depending on the species (Welsh et al. 1942; Munger and Baylis 1988) .
Glucocorticoid action on renal function includes increased potassium excretion, although sodium is not always reabsorbed (Marver 1992) . In some eutherians glucocorticoids increase GFR, even on a sodium-free diet (Baylis and Brenner 1978; Marver 1992) . Adrenalectomy causes a fall in GFR in another marsupial, the quokka (Setonix brachyurus) (McDonald and Bradshaw 1993) . In A. stuartii GFR decreases, which is not consistent with glucocorticoid action. However, plasma 
February males (n = 3) potassium concentrations were lower in July and August, which is consistent with glucocorticoid action on the kidney. Thus some aspects are consistent with glucocorticoid action on the kidney whereas others are not, perhaps implying testosterone involvement in renal function in A. stuartii. High plasma potassium concentrations may be, in part, due to the method of collection. The blood was collected from the trunk, and cellular damage may signi®cantly increase potassium concentrations. Because all animals were bled in the same manner, a signi®cant seasonal decrease is indicated, although the absolute values may be higher than if bled from the orbital sinus or by cardiac puncture. No contamination by gastrointestinal contents was observed, and haemolysis did not occur. The values for M. musculus are higher than the usual 4±6 mmol á l A1 range of many eutherians (Guyton 1986) although the values for A. stuartii are not above values obtained by other bleeding methods for other mammals, some of which are more than 12 mmol á l A1 (Scoggins et al. 1970; Pfeier et al. 1979; Buenstein 1984; Jhala et al. 1992; Urison and Buenstein 1994) . In some marsupials high plasma potassium concentrations have also been reported in response to water restriction, with values up to 10.9 1.0 mmol á l A1 observed (Dawson and Denny 1969; Scoggins et al. 1970 ). There was no water restriction of A. stuartii in the present study.
In some other mammals increasing concentrations of plasma sodium are coincident with an increase in plasma potassium, and can involve increases in plasma sodium concentrations of up to 170 mmol á l A1 in marsupials (Dawson and Denny 1969; Scoggins et al. 1970; Denny and Dawson 1977; Bakker and Bradshaw 1983) and over 200 mmol á l A1 in some eutherians (Vogel and Vogel 1972; Buenstein 1984) . Lower plasma sodium concentrations are seen in both eutherian and marsupial mammals under normal hydrated conditions, and in a sodium de®cient habitat (Dawson and Denny 1969; Scoggins et al. 1970; Jhala et al. 1992) . However, the low plasma sodium and chloride concentrations exhibited by female A. stuartii in February and May are not generally observed. Concentrations as low as these have been observed in some adrenalectomised marsupials prior to saline or glucocorticoid treatment (Buttle et al. 1952; Reid and McDonald 1968) . Plasma osmolalities are not correspondingly low, indicating other osmotically active components, such as urea, in the plasma. Small plasma volumes, however, precluded plasma urea measurement in this study. The unusual plasma values may be partly due to fewer female samples, especially in February and May.
However, it must be stressed that even minute amounts of extracellular material, which can be introduced by any method of collection may aect plasma potassium concentrations. Moreover, the alteration of plasma values by extracellular contamination, including from the gastrointestinal tract, could also explain some of the unusual plasma values.
In A. stuartii in July and August the plasma concentration of sodium rises and that of potassium drops, which may re¯ect a direct glucocorticoid action on the kidneys. The urine analyses do not support this notion. There were no signi®cant seasonal or sex dierences in urine concentrations or total output per hour of sodium, potassium and chloride. However, the large variability in the total electrolyte data preclude any ®rm conclusion. While the variability in total electrolyte data is large, variability has also been found in the few studies where excretion rates are available (Reid and McDonald 1968; Bakker and Bradshaw 1983; Urison and Buenstein 1994) . Moreover, data from the present study fall within the range of the data from these studies (Reid and McDonald 1968; Bakker and Bradshaw 1983; Urison and Buenstein 1994) . The higher urinary osmolal concentration as the seasons progress suggests that urine-concentrating ability is not particularly compromised in males even though GFR declines and urinary urea concentrations are higher in females than males. The urinary urea concentrations in A. stuartii are, however, similar to those of many small mammals, especially small carnivores (Yaakobi and Shkolnik 1974) . Lowering of GFR and increasing urine osmolality occur in other mammals when water stressed or deprived (Pfeier et al. 1979; Bakker and Bradshaw 1983) . In this study A. stuartii were not water deprived.
An increase of as much as 10% in the haematocrit often occurs with water restriction (Pfeier et al. 1979; Buenstein 1984; Meir and Shkolnik 1984; Urison and Buenstein 1994) . A signi®cant rise in haematocrit in July and August was observed in A. stuartii. Seasonal changes in haematocrit have been reported previously for marsupials, as has the higher haematocrit for males than females (Barnett et al. 1979; Spencer and Speare 1992) . Lower haematocrits in males have been reported for A. stuartii, and this was associated with gastrointestinal bleeding just prior to death in these males (Barker et al. 1978) . Gastrointestinal bleeding did not occur in the present study, explaining the dierences between the two studies. The absence of gastrointestinal bleeding in the present study may be because we did not expose the males to several other individuals and animals were not starved, as occurs in the wild during the breeding season. The signi®cantly higher haematocrit in males implies¯uid loss, perhaps by higher urinary output, or by reduced faecal reabsorption, which were not measured in this study.
This study demonstrates that GFR can decrease in A. stuartii in a manner not usually seen in mammals. The decrease in GFR is not associated with water or food deprivation and correlates with the hormone pro®les and structural changes found in other studies. While the seasonal changes in renal function are pronounced in male A. stuartii, whether they are cortisol and testosterone dependent or secondary to cortisol and/or testosterone action on other physiological systems in male A. stuartii is yet to be determined.
